creates a central puncture and radiating cracks, with damage spanning~35 mm in diameter. We implemented the same pressurized delivery scheme to fill the damage post-impact. A dye (Oil Blue N) was used to observe the deposition process, which included wicking into the radiating cracks (Fig. 4 , B and C). Although fast gelation chemistry is advantageous for the regrowth of lost mass, it may not provide sufficient time for the reagents to fully penetrate into radiating microcracks. By tuning (slowing) the gelation kinetics, we were able to achieve gap-filling and partial penetration of radial microcracks emanating from the central hole. Pressure testing of impact samples yielded~60% sealing success, with most failures attributed to the lack of sealing of the dense network of radiating microcracks. After restoration of impact damage, we reimpacted specimens using the same testing protocol and measured 62% recovery of total absorbed energy in comparison with the initial impact test. The restored material performed on par (76%) with control specimens in which the native substrate material was injected into the damage and cured at a high temperature (table S3) .
We have demonstrated a vascular approach to damage restoration using a polymer that replaces lost mass and recovers structural performance. Our two-stage chemistry makes use of both a rapid gelation (gel stage) for gap-filling scaffolds and a slower polymerization (polymer stage) for restoration of structural performance. When damage is unpredictable and uncontrolled, more complex and interconnected vascular networks (31) will be necessary to provide sufficient vascular coverage and redundancy to circumvent channel blockage. Truly regenerative polymers may be possible in the future via on-demand delivery of the chemical components of the native substrate polymer coupled with tunable gel and polymer transitions. (BSCCO) is difficult at the nanoscale, owing to the formation of stable impurity phases and/or the lack of a suitable nanoparticulate catalytic seed (1). Wires and whiskers of BSCCO have previously been grown on the macroscale (5, 6), using a rapidly cooled glassy Bi-rich BSCCO precursor seeded with Al 2 O 3 powder to provide sites of nucleation and outgrowth. The mechanism for this growth, however, has yet to be fully characterized, and although several processes have been proposed, the microcrucible mechanism is generally the favored one (7) .
The microcrucible mechanism is a two-phase growth process that relies on the presence of a liquid and a solid phase. The liquid phase dissolves ions out of a solid matrix, and once supersaturated, growth occurs at the exposed surface of the droplet with the nanowire being extruded from the bulk (5). The microcrucible itself is composed of the solid underlying substrate, which forms a crucible-like structure to contain and concentrate the molten precursor and act as a conduit for the provision of more precursor materials as the nanowire forms. Crystals produced by this mechanism would, therefore, have well-defined faceted leading edges, rather than the commonly observed tapered crystals grown via the vaporliquid-solid (VLS) mechanism, which typically have a catalytic nanoparticle at the tip that is consumed during the course of nanowire growth (7) . For use in an application (for example, in a microcircuit), a nanowire that tapers is invariably undesirable, as the functionality would vary along the length or perhaps even vanish once a critical size was reached (8, 9) .
In this work, we used a transmission electron microscope fitted with an in situ heating stage to present direct observation of the microcrucible growth mechanism in quaternary metal oxide Y 2 BaCuO 5 (Y211) nanowires. Full details on the materials and methods are available as supplementary materials (10), but to briefly summarize, the samples were prepared from stoichiometric mixtures of yttrium and barium and copper nitrates with sodium alginate in deionized water. The resulting composite was dried for 12 hours at 60°C, then calcined in a chamber furnace for 6 hours at 500°C with a ramp rate of 1°C min -1 before being heated a second time to 800°C for 2 hours at the same ramp rate. Once cool, these samples were then dispersed onto transmission electron microscopy (TEM) grids and introduced into either a JEM-2100F or a JEOL ARM200F transmission electron microscope, each fitted with an AHA-21 Aduro Protochips heating stage.
To assess which growth mechanism occurred, we first determined the crystallochemical nature of the system prior to in situ TEM heating. Figure  S1 shows powder x-ray diffraction (XRD) confirming the complex mix of phases present immediately before nanowire growth (10) . BaCO 3 is a major crystalline phase at this point, along with various crystalline copper and yttrium phases. The XRD background is flat, particularly between 20°a nd 30°2q, thereby suggesting only a minor amorphous contribution to the matrix. The crystalline matrix is porous ( fig. S2) , and the chemical composition of the system was confirmed by energy dispersive x-ray analysis (EDXA), which shows the presence of only yttrium, barium, copper, and oxygen ( fig. S3) (10) .
The results of the in situ TEM heating experiments are shown in Fig. 1 . Nanowires were observed to grow with sharply faceted ends ( fig. S4A ) and a uniform cross section ( fig. S4B ), indicative of a microcrucible mechanism (7). The uniformity of the cross section of the wire throughout the initial stages of the growth indicates that crystallization is occurring within a region of fixed diameter corresponding to the diameter of the microcrucible.
To determine the direction of growth and ascertain whether the nanowires are stoichiometrically Y211, we conducted crystallographic analyses of the nanowires. Figure 1A shows a typical nanowire, in the early stages of growth, that has a single (Fig. 1B) . Lattice fringes due to the ð113Þ crystal planes can be observed along the entire length of the nanowire (Fig. 1C) .
For nanowire growth to proceed via the microcrucible mechanism, continuous crystallization of a molten phase must occur with support from an underlying matrix. In this work, we have identified that this molten phase comes from BaCO 3 nanoparticles, which melt and diffuse to the surface of the precursor matrix (Fig. 2, fig.  S5 , and movie S1) (10) . On the heating stage of the TEM, BaCO 3 nanoparticles became molten at an applied temperature of 450°C, so the ramp rate was slowed from 20°C min -1 to 4°C min -1 to ensure time for adequate heat transfer from the grid to the sample. On reaching the surface of the porous matrix, the molten BaCO 3 nanoparticle initiates nanowire outgrowth, and no molten drop is observed at the growing tip of the nanowire. Figure 2A shows a partially grown nanowire that was rapidly cooled just after the start of outgrowth, when the nanoparticle at the base of the nanowire was still molten. Figure 2B is a highresolution image of the base of this nanowire and illustrates the chemical composition of the component parts of the microcrucible, which were identified crystallographically from the lattice fringes. The nanowire itself was determined to be Y211, with regions that indexed to BaCO 3 and CuO being found in the underlying material. Crucially, the majority of the material separating the crystalline porous matrix from the nanowire was found to be amorphous. This finding confirms that, at the onset of rapid cooling, this material was a liquid, thereby providing further support for the microcrucible mechanism. EDX analysis ( fig.  S6 ) of this amorphous region showed that it was composed of Y, Ba, and Cu. By diffusing through regions containing the other two precursor ions, BaCO 3 nanoparticles are able to solubilize the Y and Cu cations required for Y211 formation, thereby increasing ionic concentration at the eventual outgrowth site at the surface of the matrix. There is precedent for this, as it has been shown that using www.sciencemag.org SCIENCE VOL 344 9 MAY 2014 the high affinity of carbon for certain metals (11), molten metal nanoparticles are able to act as catalytic sites for the uptake of carbon with subsequent carbon nanotube outgrowth (12) .
Under continuing heating, we observed nanowire growth over the course of 10 min (Fig. 3) . Movie S2, taken at a higher resolution, better shows the initial stages of growth at high temperature (10) . The faceted end of the emerging wire indicates that the free end of the wire is solid during the growth process.
Because the walls of the microcrucible contain the ions that are consumed in the formation of the nanowire, as the nanowire grows it would be expected that the dimensions of the microcrucible itself would change, leading to alteration of the nanowire morphology. The continual evolution of the liquid-solid interface of the microcrucible is a dynamic process that leads to creep of the interface and the concomitant morphogenesis of nonclassical crystal structures. Changes in the structure of the microcrucible have been observed previously in the growth of BSCCO and Y123 whiskers at the microscale, with the resultant creation of single-crystal morphologies as unorthodox as bows and rings (13, 14) . In this work, microcrucible creep resulted in two distinct nanowire morphologies: (i) those that underwent growth in both length and width and (ii) those for which two nearby microcrucibles joined together to form wires with "stepped" ends. Figure 4 shows nanowires with stepped ends as a result of two microcrucibles joining together (Fig. 4, A and B) , as well as the progression of a growing wire over the course of 5 min, which shows the walls of the microcrucible breaking down (Fig. 4, C and D) . Because the nanowire in Fig. 4C is short and at high temperature, the molten material is able to wet the side edge of the nanowire as the microcrucible supporting it breaks down (allowing for a droplet of greater diameter), causing a rapid and uniform increase in width. Evidence of creep can also be seen in Fig. 1D , where the regions of the nanowire at the edges of the microcrucible are crystallographically distinct from those in the center. A degree of control of the liquid-solid interface is exhibited here, as the BaCO 3 nanoparticles are of low-size polydispersity (15) and therefore limit the type and amount of creep in the system and, consequently, the diversity of structural features in the nanowires.
In previous studies on the synthesis of quaternary oxide nanowires (15, 16) , nanowires grew with a tapered morphology and a VLS-like catalytic drop. The key difference in those studies was that carbon-rich precursors such as citrate and acetate were used in the syntheses; these substances tend to persist for longer under calcination (17, 18) than do the nitrates used here ( fig. S7 ). In turn, this leads to a lower-density matrix, enabling nanoparticles to leave the surface and act as catalytic sites on the leading edges of the outgrowing nanowires. This is followed by tapered growth as the nanoparticle is consumed, producing morphologies more reminiscent of a VLS process. The loss of nitrates at a lower calcination temperature means that in this work, the matrix is denser at the point at which nanowire growth begins. We deduce that here the matrix is still porous and reticulated, but the higher density will therefore tend to entrap Ba-rich nanoparticles at the surface and lead to the microcrucible growth observed. It is likely that in previous reports where nitrate precursors were used to form the complex oxides of La 3 Ga 5 SiO 14 (19) and La 0.67 Sr 0.33 MnO 3 (20) via a porous matrix, the faceted-ended nanowires produced were also the result of a microcrucible mechanism.
Through judicious design of the synthetic protocol, we have demonstrated the direct observation of a microcrucible growth mechanism and confirmed that it is a viable method for the growth of complex oxide nanowires. The successful formation of nanowires is predicated on the presence of a catalytic nanoparticle and a porous matrix that enables migration of the former through the latter, leading to nanowire outgrowth at the surface. The uniform cross section arising from the microcrucible mechanism means that the nanowires produced in this way will have the same physical properties along their entire length, leading to more uniform currentcarrying ability, ferroic behavior, and tensile strength for the future use of complex functional oxide nanowires in applications.
